The effects of dietary red pepper added to high-fat (HF) and high-carbohydrate (HC) meals on energy metabolism were examined in thirteen Japanese female subjects. After ingesting a standardized dinner on the previous evening, the subjects took an experimental breakfast (1883 kJ) under the following four conditions: HF meal, HF and red-pepper (10 g) meal, HC meal, or HC and red-pepper meal. Palatability of the experimental meals was measured immediately after the meals. Expired air was collected before and for 210 min after the meal to determine energy expenditure and macronutrient oxidation. Diet-induced thermogenesis was significantly higher after the HC meals than after the HF meals. Lipid oxidation was significantly lower and carbohydrate oxidation was significantly higher after the HC meals than after the HF meals. Addition of red pepper to the experimental meals significantly increased diet-induced thermogenesis and lipid oxidation, particularly after the HF meal. On the other hand, carbohydrate oxidation was significantly decreased by the addition of red pepper to the experimental meals. Addition of red pepper to the HC meal increased the perceived oiliness of the meal to the same level as that of the HF meals. These results indicate that red pepper increases diet-induced thermogenesis and lipid oxidation. This increase in lipid oxidation is mainly observed when foods have a HF content whereas the increase in the perceived oiliness of the meal was found under the HC meal conditions.
Dietary fat intake has markedly increased with industrialization in many countries (Leaf & Weber, 1987 ). An increase in the fat content of the diet has been shown to be associated with increases in daily energy intake (Lissner et al. 1987; Tremblay et al. 1989 Tremblay et al. , 1991 and body fatness (Romieu et al. 1988; Tremblay et al. 1989) in human subjects. In rodents, high-fat (HF) diets have been shown to produce obesity independently of total energy intake (Oscai et al. 1984; Hill et al. 1992) . This positive energy balance resulting from HF feeding is not clearly explained, but experimental evidence suggests that it could be attributable to the high energy density of dietary fat (Porikos et al. 1977; Duncan et al. 1983 ) and the inability of fat to increase fat oxidation acutely (Flatt et al. 1985; Schutz et al. 1989; Bennett et al. 1992; Horton et al. 1995) . Diet composition can also affect total energy intake (Tremblay et al. 1989; Thomas et al. 1992) and nutrient balance in human subjects without changing total energy expenditure (Abbott et al. 1990; Hill et al. 1991) . In addition, human subjects increase carbohydrate oxidation and total energy expenditure in response to excess carbohydrate (Acheson et al. 1988) , but fail to increase fat oxidation or energy expenditure in response to excess fat (Flatt et al. 1985; Schutz et al. 1989; Bennett et al. 1992) . This suggests that excess dietary fat leads to greater fat accumulation than does excess dietary carbohydrate.
The sympathetic nervous system (SNS) is thought to play an important role in the regulation of energy and substrate balance. For example, the thermic effect of nutrients can be partitioned into obligatory and facultative components of thermogenesis (Acheson et al. 1983 (Acheson et al. , 1984 . The facultative component appears to be sympathetically mediated because it can be abolished by b-adrenergic antagonists (Acheson et al. 1983 (Acheson et al. , 1984 . Tappy et al. (1995) reported that SNS stimulation increased plasma noradrenaline by 27 % and lipid oxidation by 72 % whereas it reduced glucose oxidation by 14 % in the postprandial state. This indicates that SNS stimulation can preferentially increase lipid oxidation postprandially, suggesting that it might be possible to correct a state of impaired lipid oxidation under HF diet conditions by stimulating the SNS in the postprandial phase. Kawada and colleagues (Kawada et al. 1986a (Kawada et al. ,b, 1988 (Kawada et al. , 1991 Watanabe et al. 1987a Watanabe et al. ,b, 1988a showed that capsaicin, which is the major pungent principle in various Capsicum fruits (hot red pepper), enhanced energy and lipid metabolism in rats by stimulating the sympathoadrenal system. In a recent human study, the increase in energy expenditure immediately after a meal containing red pepper (RP) was probably explained by b-adrenergic stimulation (Yoshioka et al. 1995) . Therefore, we investigated the effects of RP added to HF and highcarbohydrate (HC) meals on postprandial energy metabolism. Since an increase in the palatability of a meal can increase diet-induced thermogenesis (DIT) (Raben et al. 1994) , we also investigated the effect of RP added to HF and HC meals on palatability and DIT.
Methods

Subjects
Thirteen healthy Japanese women volunteered to participate in this study. The participants were asked to maintain their regular dietary habits and to abstain from alcohol and caffeine intake on the day before the investigation. Strenuous physical activity was not allowed for 2 d before each experimental session. All subjects were tested during the follicular phase of the menstrual cycle (two separate days in a row) and they participated in four testing sessions which were separated by at least 3 d from each other. The written consent of each subject was obtained before admission to the study whose procedures conformed to the Declaration of Helsinki. Subject characteristics are presented in Table 1 .
In three subjects, body density was determined by the underwater weighing technique (Behnke & Wilmore, 1974) and percentage body fat was derived from body density (Siri, 1956) . Pulmonary residual volume was measured using the He dilution method (Spiroflow Morgan, Chatham, Kent, UK) (Meneely & Kaltreider, 1949) . In ten subjects, percentage body fat was measured using bioelectrical impedance (Body Fat Analyzer TBF-102, Tanita, Tokyo, Japan).
Experimental protocol and measurements
The experimental protocol was designed to evaluate the effects of dietary RP and meal composition on postprandial energy metabolism. Powdered RP (Saemaul Kongjang) was added to the experimental meals and was mixed in order to distribute it evenly throughout the meal. The experimental meals consisted of a stir fry of rice, scallops, shrimps, bacon, green peppers, green peas, onions and tomatoes, sauted in vegetable oil. The subjects consumed a standardized dinner (15, 25 and 60 % energy from protein, fat and carbohydrate, respectively) on the day preceding each session. On the next morning, they randomly participated in one of the four test sessions consisting of the measurements of energy expenditure and carbohydrate and lipid oxidation before and for 210 min after the experimental breakfast (1883 kJ/600 g including drinking water). This meal differed in each session according to the following specifications: HF meal (% energy: protein 15, fat 45, carbohydrate 40) HF and RP (10 g) meal (HF-RP), HC meal (% energy: protein 15, fat 25, carbohydrate 60), and HC and RP meal (HC-RP). Immediately after each experimental meal, expired air was collected for 10 min (time 30 min in Figs. 1, 2, 3 and 4) . The subsequent air collections were performed every 10 min for the first hour after the experimental meals and then every 30 min from 90 min to 210 min after the experimental meals. In ten subjects, the pulmonary ventilation and the fractions of O 2 and CO 2 in expired air were measured with a spirometer (Fukuda Irika kenkyujo CR-20; Nagareyama, Chiba, Japan) and paramagnetic and infrared analysers (Perkin Elmer 1100 Medical GAS Analyzer; Torrance, CA, USA) respectively. In three subjects, an open-circuit gas analysis system (Hartmann & Braun Uras 10E; Bartlesvile, Industriestrasse 28, Eschborn, Germany) was used. Lipid and carbohydrate oxidation rates were estimated by using the tables of Lusk (1931) , while assuming that 10 % of resting metabolic rate was covered by protein oxidation, as previously described (Schutz & Tremblay, 1991) .
The palatability of experimental meals was measured immediately after the breakfast by using a 150 mm visual analogue scale which was modified from the method described by Hill & Blundell (1986) . Appearance, smell and taste of the experimental meal were assessed using the question 'How did you feel about the appearance, smell and taste of the meal?' and were coded from 'very bad' to 'very good'. Oiliness of the experimental meal was assessed using the question 'How much did you feel the oiliness of the meal?' and was coded from 'light' to 'greasy'. The hot sensation produced by the experimental meal was assessed using the question 'How much did you feel a hot sensation of the meal?' and was coded from 'not hot at all' to 'very hot'. The size of the experimental meal was assessed using the question 'How did you feel about the amount of the meal?' and was coded from 'too small' to 'too much'. The oiliness, hotness and size of the experimental meals compared with subjects' habitual meals were assessed using the question 'How did you feel the oiliness, hot sensation and amount of the experimental meal compared to your habitual meal?' and were coded from 'light' to 'greasy', 'not hot at all' to 'very hot' and 'too small' to 'too much' respectively.
Statistical analysis
All results obtained with the analogue scale were converted to scores ranging from 0 to 100 for statistical analysis (low scores on the palatability scale indicate poor palatability).
A three-way ANOVA with repeated measurements was used to determine effects of diet composition, RP and time as well as their interactions. We also used a two-way ANOVA to determine the effects of diet composition and 504 M. Yoshioka et al. RP as well as the diet composition × RP interaction on the palatability of experimental meals as well as changes in energy expenditure and substrate oxidation. When the ANOVA revealed a significant effect, a contrast analysis was applied to identify which conditions were different from each other. Differences were considered to be statistically significant at P < 0·05.
Results
The palatability of the experimental meals is shown in Table 2 . Appearances of the RP meals were significantly less agreeable than those of the meals not containing RP (control meals). However, the scores for appearance of the RP meals were greater than 50, which means that they were perceived as agreeable. Smells of the HF meals were significantly more agreeable than those of the HC meals. The HF meal without RP had a more agreeable smell compared with the other three experimental meals and this effect was close to conventional statistical significance (P ¼ 0·06). Tastes of RP meals were significantly less agreeable than those of the control meals, but were not considered disagreeable. As expected, the oiliness of the HF meals was significantly more pronounced than that of the HC meals. The addition of RP to the HC meal significantly increased perceived oiliness to the same level as the HF and HF-RP meals. Hot sensations of the RP meals were significantly more pronounced than those of the control meals. The hotness of the experimental meals compared with the subjects' habitual meals was coded as intermediate between that of the RP meals and that of the control meals. The amounts of food in the HC meals were coded as greater than those of the HF meals despite the fact that total weights of meal were identical for all four experimental meals, since we adjusted the weight of meal with the amount of drinking water. The experimental meals, particularly the HC meals, were perceived to be larger than the usual meals of subjects.
The three-way ANOVA revealed that postprandial O 2 consumption was significantly affected by time, diet composition × time interaction and RP × time interaction ( Fig. 1(a) ). Postprandial O 2 consumption after the HC meals was significantly higher than after the HF meals from 50 to 150 min. RP significantly increased postprandial O 2 consumption from 60 to 180 min. As for O 2 consumption, diet composition, RP, time, diet composition × time interaction and RP × time interaction exerted a significant effect on RQ (Fig. 1(b) ). Significantly higher RQ were found after the HC meals than after the HF meals, particularly between 60 and 210 min postprandially. The addition of RP to the experimental meals significantly lowered RQ compared with the control meals between 30 and 60 min postprandially.
Variations in postprandial energy expenditure are shown in Fig. 2 . The three-way ANOVA revealed that postprandial energy expenditure was significantly modified by diet composition, time, diet composition × time interaction and RP × time interaction (Fig. 2(a) ). Significantly higher energy expenditure after the HC meals compared with the HF meals was observed between 50 and 150 min. The addition of RP to the experimental meals significantly increased energy expenditure compared with the control meals at 90, 150 and 180 min postprandially. The absence of a significant effect of RP in the early postprandial period was partly explained by the fact that the energy equivalent of O 2 during this period, as reflected by RQ, was lower than for the control meals. The two-way ANOVA revealed that DIT, i.e. the increase in resting energy expenditure induced by food intake, was significantly modified by diet composition, RP, and diet composition × RP interaction ( Fig. 2(b) ). DIT was significantly higher after the HC meals than after the HF meals, and it was significantly increased by the addition of RP to the experimental meals. The impact of RP on DIT was more pronounced in the HF meal. Under these conditions, the effect of RP was sufficiently high to eliminate the difference between the HF and HC meals.
Variations in postprandial lipid oxidation rate are illustrated in Fig. 3 . As for energy expenditure, diet composition, RP, time, diet composition × time interaction and RP × time 505 Red pepper and energy metabolism 9 4 ⋅5 9 ⋅7 * Amount 53⋅6 1 6 ⋅4 6 2 ⋅2 1 9 ⋅4 6 7 ⋅8 2 0 ⋅5 7 4 ⋅1 2 1 ⋅8 * Experimental meals compared with daily meals Oiliness 67⋅9 2 7 ⋅4 6 6 ⋅4 2 4 ⋅6 4 3 ⋅3 2 2 ⋅8 6 2 ⋅5 2 4 ⋅4 * Hot sensation 14⋅9 2 2 ⋅9 9 3 ⋅9 8 ⋅2 2 2 ⋅8 2 2 ⋅1 9 2 ⋅8 1 6 ⋅0 * Amount 56⋅6 1 5 ⋅8 6 0 ⋅4 1 7 ⋅8 6 8 ⋅1 1 9 ⋅2 7 1 ⋅5 2 0 ⋅6 * interaction exerted significant effects on this variable ( Fig. 3(a) ). Lipid oxidation was significantly greater after the HF meals than after the HC meals at 60, 120, 150, 180 and 210 min postprandially. The addition of RP to the experimental meals significantly increased lipid oxidation compared with the control meals at 30, 40, 50, 60, 120 and 150 min after meals. The meal-induced change in lipid oxidation was also modified by diet composition, RP, and diet composition × RP interaction (Fig. 3(b) ). The change in lipid oxidation was significantly greater in the HF meals than in the HC meals, and it was significantly increased by the addition of RP to the experimental meals. The addition of RP to the HF meal significantly increased dietinduced lipid oxidation more than did the addition of RP to the HC meal. Variations in postprandial carbohydrate oxidation are depicted in Fig. 4 . Carbohydrate oxidation was affected by diet composition, RP, time, diet composition × time interaction and RP × time interaction (Fig. 4(a) ). After the HC meals, the higher carbohydrate oxidation compared with the HF meal conditions was mainly observed between 50 and 210 min. The lowering effect of RP on carbohydrate oxidation compared with the control meals was significant from 30 to 60 min after the meal. The two-way ANOVA showed that diet composition, RP and diet composition × RP interaction also influenced the response of carbohydrate oxidation to the experimental meals (Fig. 4(b) ). Mealinduced carbohydrate oxidation was significantly higher after the HC meals than after the HF meals, and it was significantly decreased by the addition of RP to the experimental meals. 507 Red pepper and energy metabolism Mean values not sharing a common letter were significantly different, P < 0 : 05. Mean values not sharing a common letter were significantly different, P < 0 : 05.
Discussion
Palatability of the experimental meal
It is well known that the palatability of the diet can increase DIT (Raben et al. 1994) . However, palatability of the experimental meals was greater for the HF meals and was lowered by the addition of RP to the experimental meals. Moreover, DIT was lower after the HF meals than after the HC meals and was increased by the addition of RP to the experimental meals. Thus, it must be concluded that the lower DIT observed after the HF meals and the increase in DIT resulting from the addition of RP to the experimental meals were not due to the palatability of the experimental meals. Interestingly, when we asked whether the oiliness of the experimental meals was comparable with that of the subjects' habitual meals, the addition of RP to the HC meals led to a significant increase in the perceived oiliness to the same level as the HF and the HF-RP meals. The taste preference for fat has been found to be increased in obese and post-obese individuals (Drewnowski & Greenwood, 1983) and this was confirmed by recent experimental data (Drewnowski et al. 1992) . If the phenomenon described earlier occurs in obese and post-obese individuals, the addition of RP to a low-fat meal might be an alternative way to increase the perceived oiliness of the diet without increasing fat intake. This issue is of potential clinical relevance and should be the subject of further investigations. Warwick & Schiffman (1992) have reviewed the literature pertaining to effects of dietary fat on energy intake and body weight in human subjects and laboratory animals and have concluded that both energy intake and energy expenditure are biased towards weight gain when a HF diet is consumed, and that the high energy density of HF diets plays a primary role in weight gain. In the present study, postprandial energy expenditure and carbohydrate oxidation rate were lower after the HF meals, whereas a higher lipid oxidation rate was found after the HF-RP meal. These results are consistent with previous findings (Flatt et al. 1985; Bennett et al. 1992) and support the idea that energy expenditure is biased towards weight gain when a HF diet is consumed (Warwick & Schiffman, 1992) .
Effects of high-fat and high-carbohydrate meals
Effects of red pepper
Kawada and coworkers (Watanabe et al. 1987a (Watanabe et al. ,b, 1988a Kawada et al. 1988) have reported that capsaicin enhances the catecholamine secretion from the adrenal medulla in rats, mainly through activation of the central nervous system (Watanabe et al. 1988a, b) , and results in an increase in O 2 consumption (Kawada et al. 1986b) . In a recent human study, we observed that a diet containing RP increased O 2 consumption and energy expenditure by about 30 %. In addition, this increase was abolished by b-adrenergic blockade (Yoshioka et al. 1995) . In the present study, the addition of RP to the experimental meals increased postprandial energy expenditure. Moreover, the addition of RP to the HF meal increased DIT as much as did the HC meal. Therefore, dietary RP has a beneficial effect on postprandial energy expenditure and corrects the weak thermogenic effect of a HF diet.
It has been shown that RQ is immediately increased when capsaicin is injected intraperitoneally to rats at a dose of 6 mg/kg body weight (Kawada et al. 1986b) . However, the value returns to the basal level within 90 min and declines below basal levels by 120 min after the injection (Kawada al. 1986b ). In our previous study RQ was significantly increased after the RP diet from 50 to 150 min (Yoshioka et al. 1995) . We considered that the difference between Kawada's study (Kawada et al. 1986b ) and our previous study (Yoshioka et al. 1995) may be due to the differences in the composition of the diet: they used a HF diet but we used a HC diet. In addition, the former was performed in rats whereas we tested human subjects in our previous study. In the present study, postprandial RQ was decreased immediately after RP consumption in both the HC and HF meal conditions. However, no change was found for the rest of the experimental period after the HC meal whereas RQ was reduced for up to 150 min after the HF meal. These results suggest that the RQ response to the SNS stimulation by dietary RP depends on the composition of diet (HC or HF) which is consumed together with RP.
Comparison of results of our previous study (Yoshioka et al. 1995) with those for RQ after the HC and HC-RP meals in the present study might suggest a sex difference in the response to RP. From 60 to 150 min RQ was increased by the addition of RP to the HC meal in Japanese men whereas no change was found in Japanese women. It has been demonstrated that the skeletal muscle of women is characterized by a higher percentage of type I fibres compared with that of men (Simoneau et al. 1985) and that type I fibres show a threefold greater b-adrenergic receptor density than type II fibres of the same muscle. These findings suggest that the b-adrenergic stimulation in the skeletal muscle of women by the consumption of RP may be greater than in men. Moreover, Ellis et al. (1994) showed that oestradiol administration to male rats increased muscle lipoprotein lipase (EC 3.1.1.34; LPL) activity, which led to an increased distribution of plasma triacylglycerolderived fatty acids toward muscle. When RP was administered, plasma catecholamine concentrations tended to be increased (Lim et al. 1997) . Since catecholamines (Miller et al. 1989 ) and cAMP (Palmer et al. 1990 ) are known to increase LPL activity in skeletal muscle, the effect of dietary RP may be due to the increase in muscle LPL activity which is stimulated by catecholamines. Furthermore, it is well known that a HF diet stimulates insulin secretion less than a HC diet and that insulin decreases muscle LPL activity (Boivin et al. 1994) . Erskine et al. (1994) reported that muscle LPL activity was stimulated by HF-meal feeding but was suppressed by HC-meal feeding. Therefore, in the short term, it seems that SNS stimulation together with a HF diet maximizes the muscle LPL activity, resulting in an increase in lipid utilization in women. Tappy et al. (1995) have suggested that it might be possible to improve the impaired lipid oxidation seen with a HF diet by stimulating the SNS in the postprandial state. In the present study, the addition of RP to the HF meal increased diet-induced lipid oxidation. Thus, these results indicate that RP increases lipid oxidation in women and that this increase in lipid oxidation is observed when the diet has a HF content.
In summary, we have investigated the effects of RP added to HF and HC meals on postprandial energy and substrate metabolism. The results indicate that RP increases DIT and lipid oxidation and that this increase in lipid oxidation is mainly observed when foods have a high fat content, whereas an increase in the perceived oiliness of the meal is found when RP is added to high-carbohydrate meals.
